IMP dehydrogenase (IMPDH) catalyzes the pivotal step in guanine nucleotide biosynthesis. Here we show that both IMPDH type 1 (IMPDH1) and IMPDH type 2 are associated with polyribosomes, suggesting that these housekeeping proteins have an unanticipated role in translation regulation. This interaction is mediated by the subdomain, a region of disputed function that is the site of mutations that cause retinal degeneration. The retinal isoforms of IMPDH1 also associate with polyribosomes. The most common disease-causing mutation, D226N, disrupts the polyribosome association of at least one retinal IMPDH1 isoform. Finally, we find that IMPDH1 is associated with polyribosomes containing rhodopsin mRNA. Because any perturbation of rhodopsin expression can trigger apoptosis in photoreceptor cells, these observations suggest a likely pathological mechanism for IMPDH1-mediated hereditary blindness. We propose that IMPDH coordinates the translation of a set of mRNAs, perhaps by modulating localization or degradation.
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IMP dehydrogenase (IMPDH)
2 catalyzes the reaction that controls the entry of purines into the guanine nucleotide pool, and thus controls proliferation (1) . The enzyme is a homotetramer; each monomer is composed of a catalytic (␤/␣) 8 barrel and a subdomain containing two CBS domains (named for the related domain in cystathionine ␤-synthase) (Fig. 1) . Deletion of the subdomain has no effect on enzymatic activity (2, 3) , and the function of the subdomain in IMPDH is currently under debate. CBS domains act as adenosine nucleotide-binding modules in several proteins (4 -9) , and a similar role has been proposed for the CBS domains of IMPDH (5), but we and others have been unable to confirm this function in IMPDH (10 -13) . Notably, the CBS domains of IMPDH share little sequence identity with the other proteins, so it would not be surprising if their function has diverged. The subdomain does appear to coordinately regulate the adenine and guanine nucleotide pool in Escherichia coli, although the molecular mechanism of this process has not yet been elucidated (11) . We have discovered that IMPDH binds single-stranded nucleic acids and that the subdomain mediates this interaction (10, 15) . IMPDH associates with RNA in tissue culture cells, which suggests that this housekeeping enzyme is involved in translation, splicing, or some other feature of RNA metabolism (10, 15) . Others report that IMPDH binds DNA and may be involved in gene expression (16, 17) . These observations suggest that IMPDH has a "moonlighting" function involving nucleic acid that is mediated by the subdomain.
Mammals have two IMPDH genes, encoding IMPDH1 and IMPDH2, and most tissues express both isozymes (18, 19) . In contrast, only IMPDH1 appears to be expressed in the retina; in addition, retina contains distinct IMPDH1 isoforms generated by alternative mRNA splicing as follows: IMPDH1(546) (major) and IMPDH1(595) (minor) ( Fig. 1 ; these proteins are also known as IMPDH1␣/IMPDH1(13b) and IMPDH␥/IMPDH1(Aϩ13b), respectively; the canonical enzyme is hereafter designated IMPDH1(514) (20, 21) ). Both retinal isoforms IMPDH1(546) and IMPDH1(595) contain a 32-residue C-terminal extension. IMPDH1(595) has an additional 49-residue extension on the N terminus (20, 21) . These extensions have no effect on the activity of purified enzyme (22) . Surprisingly, although the subdomain region is identical in all of the IMPDH1 isoforms, nucleic acid does not readily associate with the retinal isoforms (22) . This observation suggests that the C-terminal extension blocks the nucleic acid-binding site, perhaps by interacting with the subdomain (22) . Retinal cells may contain additional protein factors that interact with the C-terminal extension to regulate nucleic acid binding.
Most intriguingly, mutations in the subdomain and the neighboring region of the barrel domain of IMPDH1 cause autosomal dominant retinitis pigmentosa (adRP) and are also associated with a more severe hereditary blindness, Leber congenital amaurosis (LCA) (23) (24) (25) (for the sake of simplicity, we will refer to the mutations of IMPDH1 that cause retinal disease as "RP-linked"; Fig. 1 ; mutations are designated according to the sequence of IMPDH1(514) (23, (25) (26) (27) (28) ). The D226N mutation alone accounts for ϳ1% of all adRP cases (27) .
The presence of the retinal isoforms may account for the tissue specificity of disease. Nonetheless, the underlying pathological mechanism of IMPDH1-mediated retinal disease remains perplexing. Guanine nucleotides are critical components of photoreceptor signaling, so it is tempting to attribute disease to loss of enzymatic activity and the consequential decrease in guanine nucleotides. However, several observations suggest that this mechanism does not apply. First, the RP-linked mutations have no effect on the enzymatic activity of the canonical IMPDH1(514) or the retinal isoforms in vitro (10, 22, 27, 29) , nor do they alter the localization of these proteins in cells grown in tissue culture (10, 22, 29) . Furthermore, mice with a heterozygous null allele in IMPDH1 have no phenotype, and homozygous null mice display only a mild retinopathy (29) . Finally, IMPDH inhibitors are widely used in immunosuppressive chemotherapy (e.g. CellCept), yet side effects involving retinal degeneration have not been reported. Others have proposed that these mutations increase the propensity of IMPDH1 to form aggregates (29), but we have not found this to be true in our constructs (10) . Instead, we find that RP-causing mutations decrease the affinity and specificity of nucleic acid binding in the canonical IMPDH1(514), suggesting that perturbation of this function underlies retinal disease (10, 27) .
Here we show that IMPDH1 and the retinal isoforms associate with polyribosomes and that this interaction is mediated by the subdomain. The most commonly occurring adRP-causing mutation, D226N, blocks the polyribosome association of IMPDH1(595). Furthermore, we find that IMPDH is associated with polyribosomes translating rhodopsin mRNA in bovine retina. Because essentially any perturbation of rhodopsin expression triggers apoptosis in photoreceptor cells (31) , the misregulation of polyribosomes translating rhodopsin provides an attractive mechanism for retinal disease. These observations indicate that IMPDH has a previously unsuspected role in the regulation of translation.
EXPERIMENTAL PROCEDURES
Materials-Superfect was obtained from Qiagen (Valencia, CA). Anti-GFP affinity-purified antibody was obtained from Invitrogen. Anti-CBP80 antibody was a gift of the Dr. Melissa J. Moore (Brandeis University), and anti-rhodopsin antibody 1D4 was the generous gift of Dr. Daniel Oprian (Brandeis University). Puromycin was purchased from Sigma. Anti-IMPDH BRD5 antibodies were obtained as described previously (20) . The full-length rhodopsin cDNA was synthesized by Epoch Biolabs (Sugar Land, TX) following the sequence of Entrez data base NM_000539 and cloned into a plasmid under control of a cytomegalovirus promoter.
Polyribosome Analysis of IMPDH-Polyribosome profiles were performed with minor modifications of standard protocols (32, 33) . C-terminal EGFP-tagged IMPDH1 was expressed in mammalian cells under control of the mammalian cytomegalovirus promoter as described previously (10) . Cells (1 ϫ 10 7 ) were treated with 100 g/ml cycloheximide and lysed on ice with polyribosome extraction buffer (PEB, 0.5% Triton X-100, 15 mM Tris-HCl, pH 8, 15 mM MgCl 2 , 60 mM NaCl, 100 g/ml cycloheximide, and 1 mg/ml heparin). The clarified lysate was fractionated on a 10 -50% sucrose gradient, precipitated with trichloroacetic acid, and resolved by SDS-PAGE. Immunoblots were probed with anti-GFP antibody or anti-IMPDH serum and alkaline phosphatase-conjugated anti-rabbit secondary antibody. When indicated, 100 g/ml puromycin was added to cultures 2 h before harvesting. For RNase disruption of polyribosomes, lysates were treated with 60 units/ml micrococcal nuclease and 1 mM CaCl 2 for 25 min on ice prior to loading on sucrose gradients. Data are representative of at least two individual experiments. (30); note that the CBS domains are disordered in the structure of human IMPDH1 (Protein Data Bank accession number 1JCN), so that several of the positions of mutation are not observed). Magenta denotes mutations that are clearly pathogenic; red, likely pathogenic; green, possibly pathogenic (27) . Molecular graphics images were produced using the University of California, San Francisco, Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIH Grant P41 RR-01081) (14) . B, scheme showing the differences between IMPDH1(514), IMPDH1(546), and IMPDH1(595).
Polyribosome Association of Retinal IMPDH1 IsoformsPlasmids expressing IMPDH1(546)-GFP and IMPDH1(595)-GFP were expressed in HEK293 cells as described previously (22) . Polyribosomes were harvested by centrifugation through a 30% sucrose cushion. The pellets were dissolved by PEB and analyzed by Western blot analysis with the primary mouse monoclonal anti-IMPDH antibody AS37-P (Antibody Solutions, Mountain View, CA). Immunodetection was performed using goat anti-mouse IgG secondary antibody conjugated with horseradish peroxidase (Millipore) and visualized with the ECL Plus system (Amersham Biosciences).
Identification of IMPDH-associated mRNAs-Five bovine retinas were lysed in PEB and 1 mM dithiothreitol. The mixture was incubated on ice for 10 min, and then cell debris was removed by centrifugation. The supernatant was applied to Sepharose CL-B column with bed volume of 110 ml. Fractions in the void volume were collected and loaded onto IMP-agarose. IMPDH was eluted with 2 mM IMP in 50 mM Tris-HCl, pH 7.5, 0.5 mM dithiothreitol, 10% glycerol. RNA was isolated using TRIzol LS reagent (Invitrogen), and cDNA was prepared using Super SMART PCR cDNA synthesis kit (Clontech) and cloned into Topo cloning kit (Invitrogen).
IMPDH Is Associated with Polyribosomes Containing Rhodopsin mRNA-Approximately 10 g of bovine retina was lysed as described above within 3 h of harvest. Polyribosomes were isolated by centrifugation through a 30% sucrose cushion in PEB. The polyribosomes were resuspended in 1 ml of PEB. Polyribosome mixture (250 ml) was treated with monoclonal antibody RET-P1 (Abcam), which recognizes the rhodopsin N-terminal peptide, or 1D4, which recognizes the opsin C-terminal peptide. Antibody complexes were isolated with protein G Dynabeads and polyribosomes, and the bound proteins were recovered by treatment with 10% SDS. Alternatively, polyribosomes were disrupted by treatment with 2 mM EDTA, 50 mM Tris-HCl, pH 7.5, and 100 mM KCl. The eluted protein was analyzed by 10% SDS-PAGE and immunoblotting visualized with anti-IMPDH antibody or anti-ribosomal protein L7a antibody (Cell Signaling Technologies, Danvers, MA).
Co-immunoprecipitation of IMPDH1(546) and Rhodopsin mRNA-HEK293T cells were co-transfected with plasmids directing expression of rhodopsin and IMPDH(546)-GFP (Transfectin, Bio-Rad). Cells were collected 48 h after transfection, washed with ice-cold phosphate-buffered saline, and lysed in PEB. Immunoprecipitation was performed as in Ref. 34 . Briefly, magnetic beads (New England Biolabs) coated with anti-GFP antibody were mixed with clarified cell lysate in NT2 buffer (50 mM Tris, 150 mM NaCl, 1 mM MgCl 2 , 0.05% Nonidet P-40), supplemented with 200 units of RNase Inhibitor (New England Biolabs), 1 mM dithiothreitol, and 15 mM EDTA. Following precipitation, RNA was recovered with TRIzol LS and DNase-treated (RQ1, Promega) according to manufacturer protocols. Reverse transcription-PCR was performed using SuperScriptII One-step kit (Invitrogen) with primers for rhodopsin (5Ј-ccccatcaacttcctcacgctctac-3Ј and 5Ј-cgatgaccatgatgatgaccatgc-3Ј).
RESULTS

IMPDH Associates with Polyribosomes-
The co-precipitation of RNA with IMPDH suggested that IMPDH might be involved in translation or translation regulation (10) . To determine whether IMPDH associates with polyribosomes, lysates were prepared from cycloheximide-treated HeLa cells and fractionated by sucrose gradient sedimentation; polyribosomecontaining fractions were identified by monitoring absorbance at 254 nm (Fig. 2) . When purified recombinant IMPDH1(514) is subjected to sucrose gradient sedimentation, the protein migrates in the lower density fractions, as expected for the homotetramer. Also as expected, the 80-kDa cap-binding protein (CBP80) was observed in the cytosolic, ribosomal subunits and monosome-containing fractions, but was excluded from higher density fractions (Fig. 2) (35) . Unlike CBP80, endogenous IMPDH is found throughout the gradient. These observations indicate that endogenous IMPDH is part of a large complex. Puromycin terminates nascent peptide chains and disrupts polyribosomes (Fig. 2) (36) , and puromycin also disrupts the IMPDH complex (Fig. 2) . Similarly, EDTA and RNase treatment disrupt both polyribosomes and the endogenous IMPDH complex (data not shown). Although the anti-IMPDH antisera does not distinguish between IMPDH isozymes, IMPDH2 predominates in HeLa cells (37, 38) . Thus, IMPDH2, and possibly IMPDH1, associates with polyribosomes in HeLa cells. (514) with Polyribosomes-To demonstrate that IMPDH1(514) associates with polyribosomes, we expressed a C-terminally EGFP-tagged FIGURE 2. Polyribosome profiles of HeLa cell extracts. Lysates were prepared and fractionated on a sucrose gradient as described under "Experimental Procedures." A typical profile is shown, with the corresponding Western blot with anti-IMPDH antisera immediately below. For the remaining panels, fractions were obtained similarly, and Western blots were probed with antibody against the designated protein. Puromycin disrupts both polyribosomes and the high molecular weight IMPDH complex. A single blot was split and probed with anti-CBP80 antibody and anti-IMPDH antisera. CBP80 is found in the cytosolic ribosomal subunits and monosome-containing fractions, but excluded from higher density fractions, whereas IMPDH is found throughout the gradient. The bottom panel shows the sedimentation of purified recombinant (r) IMPDH1(514).
Subdomain Mediates the Association of IMPDH1
version in HeLa cells. We have previously shown that the EGFP tag has no effect on the enzymatic or nucleic acid binding properties of IMPDH1(514) (10), and we have also established conditions where IMPDH1-GFP is expressed at approximately the same levels as the endogenous IMPDH (10). IMPDH1-GFP is also found in the polyribosome-containing fractions of the sucrose gradient (Fig. 3A) , whereas GFP migrates in the cytosolic fractions. As above, treatment with puromycin and RNase disrupts the IMPDH1-GFP complex, indicating the IMPDH1-GFP associates with polyribosomes (Fig. 3, B and C) . Deletion of the subdomain substantially decreases the fraction of IMPDH1-GFP found in the polyribosomes (Fig. 3D) , indicating that the CBS domains mediate the polyribosome interaction. This observation suggests that the RP-linked mutations of IMPDH1 may perturb the polyribosome interaction. The most common RP-linked mutation, D226N, does not change the polyribosome distribution of IMPDH1-GFP. However, this assay would be unable to detect a subtle change in polyribosome distribution.
IMPDH Interacts with Polyribosomes in Retinal Cells-The C-terminal extensions of IMPDH1(546) and IMPDH1(595) appear to block nucleic acid binding in vitro (22) , suggesting that the retinal isoforms might not associate with polyribosomes. To determine whether IMPDH1(546) and/or IMPDH1(595) interacts with polyribosomes in photoreceptor cells, we prepared lysates from freshly dissected bovine retina. These lysates contain 55-and 64-kDa proteins that cross-react with anti-IMPDH antibodies (Fig. 4) ; and as reported previously (21), the 64-kDa protein, but not the 55-kDa protein, also reacts with antibody against the N-terminal extension of IMPDH1(595) (data not shown), indicating that these proteins are the bovine orthologs of IMPDH1(546) and IMPDH1(595). Both bovine IMPDH1 isoforms are found in the polyribosome containing fractions, and RNase disrupts this association (Fig.  4) . Thus, both IMPDH1(546) and IMPDH1(595) associate with polyribosomes despite the fact that these proteins are poor nucleic acid-binding proteins in vitro. These observations suggest that photoreceptors may contain additional proteins that interact with C-terminal extension to regulate polyribosome association. (595) with Polyribosomes-To assess the effect of the D226N mutation on the polyribosome association of IMPDH1(546) and IMPDH1(595), the retinal isoforms were tagged with EGFP at the C terminus and expressed in HEK293 cells as described previously (22) . Total polyribosomes were isolated by centrifugation through a sucrose cushion. As expected, endogenous IMPDH, IMPDH1(546)-GFP, and IMPDH1(595)-GFP are found in the pellet with the polyribosomes (Fig. 5) . When polyribosomes are disrupted by treatment with puromycin, endogenous IMPDH and the retinal isoforms no longer sediment. Therefore, IMPDH1(546)-GFP and IMPDH1(595)-GFP associate with polyribosomes in tissue culture as observed in retina. The D226N variant of IMPDH1(546)-GFP also associates with polyribosomes (Fig.  5A) , although the mutation may cause a subtle decrease in the polyribosome association of this retinal isoform ( Fig. 5B ; note that this effect is not statistically significant). In contrast, the D226N mutation blocks the association of IMPDH1(595)-GFP with polyribosomes (Fig. 5, A and B) . Therefore, the D226N mutation decreases the polyribosome association of at least one retinal isoform. (514) tagged with EGFP at the C terminus (IMPDH1-GFP, WT) or IMPDH lacking subdomain (⌬SD-IMPDH1-GFP, ⌬SD). Lysates were prepared, and fractions were aliquoted as described in Fig. 2 and probed with antibodies against GFP. A, IMPDH1-GFP; B, IMPDH1-GFP ϩ puromycin; C, IMPDH1-GFP ϩ RNase; D, GFP alone, ⌬SD-IMPDH1-GFP, IMPDH1-GFP/ D226N, and wild type. The IMPDH1-GFP/D226N and WT are from parallel transfections.
RP-causing Mutation D226N Decreases the Association of IMPDH1
IMPDH1 Associates with Polyribosomes Translating
Rhodopsin mRNA in the Retina-To identify the mRNAs in IMPDHassociated polyribosomes, total polyribosomes were isolated from five bovine retinas. The IMPDH-containing polyribosomes were recovered by affinity chromatography on IMP-agarose and the RNA converted into cDNA and cloned. Seven clones were recovered, of which two contained known bovine mRNAs (rhodopsin and DEAH box polypeptide 29), four contained 12 S rRNA, and one contained an unidentified mRNA. Mutations in rhodopsin are the most common cause of hereditary visual disease (39) , so the association of IMPDH1 with polyribosomes translating rhodopsin provides an obvious link to adRP and LCA. Therefore, we sought to validate this interaction with a nascent chain immunoprecipitation experiment.
Polyribosomes translating rhodopsin mRNA were isolated from total polyribosomes using monoclonal antibody RET-P1, which recognizes the N-terminal peptide of rhodopsin. Ribosomal protein L7a co-precipitated with RET-P1, confirming that polyribosomes were obtained. IMPDH1 co-precipitated with these polyribosomes (Fig. 6) . No IMPDH was recovered when the polyribosomes were disrupted by RNase prior to immunoprecipitation. Similarly, EDTA disrupts the interaction between IMPDH1 and polyribosomes (data not shown). No IMPDH1 co-precipitated when monoclonal antibody 1D4, which recognizes the C-terminal peptide of rhodopsin, was utilized (Fig. 6 ). These experiments demonstrate that IMPDH1 associates with polyribosomes translating rhodopsin mRNA.
IMPDH1 Associates with Polyribosomes Translating Rhodopsin mRNA in Cell Culture-To further confirm this interaction, IMPDH1(546)-GFP was expressed in HEK293 cells together with rhodopsin mRNA. IMPDH1(546)-GFP was immunoprecipitated with anti-GFP antibody (Fig. 7A) . Rhodopsin mRNA co-precipitated (Fig. 7B) , confirming that IMPDH1(546)-GFP associates with polyribosomes containing rhodopsin mRNA.
DISCUSSION
The IMPDH reaction controls the guanine nucleotide pool, which in turn controls cell proliferation, and the success of IMPDH-targeted drugs validates the link between enzymatic activity and proliferation (40) . Yet the presence of the subdomain provokes the tantalizing suggestion that IMPDH has cellular functions that extend beyond enzymatic activity. Several disparate observations reinforce this view; IMPDH associates with nucleic acids (10, 15, 17) and with lipid vesicles (41) , and forms large intracellular aggregates when guanine nucleotides are depleted (42, 43) . A recent report suggests that IMPDH controls the balance between adenine and guanine nucleotides via the subdomain (11) . We now demonstrate that both IMPDH1 and IMPDH2 associate with polyribosomes, which suggests that these housekeeping enzymes also have an unanticipated role in the regulation of translation, either directly or by modulating mRNA localization or degradation.
Although the association of IMPDH with polyribosomes may be mediated by rRNA and/or other protein factors, because IMPDH binds single-stranded nucleic acids (10, 15) , we favor a model whereby the canonical IMPDH interacts directly with mRNA. In addition, given that the retinal IMPDH1 isoforms are poor nucleic acid-binding proteins, we further hypothesize that additional factors interact with the C-terminal extension, freeing the canonical IMPDH1 to form the polyribosome interaction.
The expression of functionally related proteins may be coordinated by specific mRNA-binding proteins that direct the localization, translation, and/or degradation of mRNA (44, 45) . Evidence for the existence of such "RNA regulons" is accumulating (46 -51), and we suggest that IMPDH1 and IMPDH2 act in this manner. Importantly, polyribosome association is mediated by the subdomain, which is also the site of the greatest structural divergence between IMPDH1 and IMPDH2, so perhaps IMPDH1 and IMPDH2 recognize different mRNAs and organize distinct RNA regulons. Furthermore, the subdomain is found in IMPDHs from almost every organism, so similar post-transcriptional processes may be present in prokaryotes and archaea.
The subdomain is also the site of the RP-causing mutations of IMPDH1. Our experiments show that polyribosome association is blocked by the most common RP-causing mutation, D226N, in IMPDH1(595). The association of IMPDH1(546) may also be perturbed, although the errors in the data are too large to make this claim with confidence. Nonetheless, given that the symptoms of RP often develop over decades, even a subtle perturbation may be sufficient to cause disease. These observations proffer the idea that IMPDH1 regulates the expression of a protein(s) critical for photoreceptor function by modulating translation, localization, or degradation of mRNA. Perturbation of each of these processes is known to induce apoptosis (52, 53) . Furthermore, our experiments demonstrate that retinal IMPDH1 is associated with polyribosomes translating rhodopsin mRNA. Mutations in rhodopsin are the most common cause of hereditary blindness; disease can result from the mislocalization and/or misfolding of rhodopsin (31, 54) , a decrease in rhodopsin expression (55) , or even a mere 20% increase in rhodopsin (56) . Mislocalization, misfolding, and protein levels are all intimately linked to translation and regulated by RNA-binding proteins. Therefore, the association of IMPDH1 with polyribosomes translating rhodopsin mRNA provides a ready explanation for IMPDH1-mediated visual disease.
